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won Fechnical Summory

We are mvestipating 1be interaction of mechanical comminution and chemical
healing of simdlated faolt pouge. Reactrvation of mature  active Tl wones s
accampanied by localized fractaring viclding o disinbation ol paricle sizes. This moupe
comie 1iowhere faplt displacement s accomodated  The anteracior ol tis goope with
anterstitial agueous flund at bydrothermal conditions resudis inoa healing oo re-bithifization
of 1he souoe by several processes, among them pressure scelution amd Ostwald vipemng.
This healing influences the porosity. permeability, cobesive strength, and other properties
af the gouge zone that wiub intleence fault strength and “Ome-1o-fractore™. The
" Dieteich Law™ has beet the comerstone of our umdlersianding of faul woene Erction. 1o
serength lies in ats reproducibility over o range of experimental sei-ups aod laboratones.
However, ottects of fTod-rock mieroction in the faul come or gouge o 1@ mperalures
tvpucil of the upper croust arc ol generially obvioas rom soch fraction esperiments. Yet,
thes is contedd to the tssue ol Gl comae evodution arnd réae iy ation.

We prosent data vn 1-2 month Jeng, hold-shide-Told experatients using atifcil
monemineralic gouge. These cxpeniments indicate heabing sl developrest of cohesive
shear strength in the gouge aver time, The imporiance of thennally activated chernical
procosses 1% suppcsted by wbsence of healing modry experiioents. Pressure solution.
Catwald nponimye and comentation are bey mechanisnes thal are iovoleed i Whis process
of healmez.  We glso present new clnta on the hydrostatic volumeree cresp ot
monaminerilic apererales, identifying the couperation of fwo cree meciansiie that arne
crperative during e dependent compaction. Resalts of Ostwald ripening expetinoetils
are alse shown, ax an exarnple ol reaction ranspml modeling  paranctcinzed by
SR PRI,

Intraduction

Twor schoals of thowght exist an crustal selsnopenests. [noone. earthguakes ae
thought of ax slip cvenis o existing faoll comes such ws Dwse occurrng on the San
Androas Fawll spstem. Fartheuakes bave alse been described in terms ot faduee o rupione
of imact rocks at depih. The wwo ideas have evolved as a result of twe ditferent tvpes of




laboratory cxpeniments, The [ormer has resulied in the well knowon “Dietrich Law™ of
rate- and stule- vanuble richon developed feom shding friction experiments cither in
dlowble: dirget shear, riasial, or even i oodary shear contfigurations. The latter has cvalved
from iAaxial defnpalion esperiments on antact erystalline recks otten complemensed
with agcugstic emissiom Jueimp, Jeformation. [ 5 possible that both of the sboye
ceperimenial styles caplure ceelain and essential parts of seismopenesis. However, o large
parl o] 1he rare-and stane- vanable friction laboratory work was performed with bare rock
suclaces, ol roon temperatore, and over linuted tie duration dmioaics 1o bours). In
nalure, sn the oher haod, faolt reactivation occurs at depths sand clevated tcmperatures,
Tault surfuces are wsoally coated weith ock fleor (fault gouge], and the slip characteristics
chunpe over a wide range of time scales. Cenirad o the issue of tault reactivalion s the
mechanical role of fault govge that accommodates he displacement along the Pault. Work
of lohnson et al. {1994% on surface exprossion of the M7.5 Landers earthguake Gl
Chester and Legan ¢ 1986} on the Punchbow| fauly sone have reveaded the coonnples natore
of tault zones. It is knoewn from the above siodies and oomthers that fanlt slip s oot
acrommodated withan one guasi-planar Taull surface bul along numersas somall sbear
roncs within 4 faalt zonc thal may be distribuied over hundreds of meters. Also, the faul
tocks withan such zones are comminuted and “heal' in the presence of bot Tuicls over
time. Fault zonc steength muay approach thal of Country rock owver general mlerseismic
periods of decades to conturies {a time scade amenable to recurrence of wagor Califoomia
carthquakes). Time-dependent chemical processes such as pressore sulotion (and Ok lwald
npening derven by presence of reastive oids and high remperatores deive Dss transter
over the sedabe of fault zones and resndt in cementation and o Jeast paetial recovery of taul
sirenglh {Chesler and Dogan, 1986, Silson, 1987 We attempl o samulate such processcy
in the labommlore, as we now discuss.

Investgatians Underioken

Durtng this past yoar we have pecformed ibe following tasks:
Hy:lrostatie Creep Tixperiments of Giyepsom, Quatz, and Caloite Axsregares
Troasiul Hold-S13cke-Thebd Faperiments osinp gquactz, calee, and pypsum poupe
Crwald Ripening Experiments With (Juatz {(ouge
Initial Beacticon Transport Modeling of Crouee Healing

Resulis

Ciouge Crecp Expeomoents

This experiments are vonduoted wnder hvdrosiane lowbing  conditens,  wilh
relatively largpe samples, noonder to parsneierice (e me depencdent behavior of - Tulk
porous monominerd 1 agrreyaies. We are focusinyg this effon on paramelenising creep
behavior m oemms o pamicle seee clisiribution, noadiddion oo the vaniables of effective
pressure, terrperalure, prain siee amd ecolume sieain as m previous work.

In rmuonormineralic aggrepates ol bew sesses, Wph tempenatuees, and larpe volome
sCrains Cjusl bowe hagh, how, or laege depends an the mioerall, we bave Soond thar coeep
behavior muy be characterived by ihe [olloeany creep laws, shown by exanple Tor a
ook |y distribiued pantcle siee distribution winb guany (Imoem Drewers awd Digash,
[<H5) and LI‘Ll\l:]li‘li b}puum aggrjgdiﬁmﬂ%wumder distributicn [IjF Mear, and Spiers,
LS5 =110 n —_—— e T L ;l
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These models repreduge expermental data 1o an exccllent degree of commelation (R = 96
for pypsarm and 28 Tor guarez). We show this bere s an scgument foT wsmy gepsur .y
an  andlogue  Tor guarke Behavior, because of gvpsums  grester  solubility sl
presapilatiooilissolution rates when compared with guardz sl emperaiure below 200
degrees O, Tssertially the pressure solution behavior of pypsum uncer cerlain concditions
ilae., low siresses) mimics thar of guartz, but the hesling kinetics are ouch e
arnerahle oo labaratory mvoSHEEon.

We bave foumd that several parameters, i pacticwdar the gepuonendead eomn involving
vilutoe strain, 1% a strong function of  pariicle size disiobution, sl we are fineshing a
series of experiments designed to delmeale the vreep deperdence on propeeriaes
fmwaents) of the partcle size distoibution. This will enable us @ construct modeds of
fuult gouge healng by prossure solution. wsoa function af the disbibution of gouge <izcs
resulting from faull rupture,

In addition, by cxamining creep behavior over a range of temperaturcs, stresses. and
inatia] loading condrions we can distinguish fal leasl crudely’) Tetween mechanizos from
creep data alone. An example of this is calciie creep, as shown i the tellowing tigures.
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Fepare 2:Muavdd mode weilveeniic ceewpe aliafer Ddvegnenic aa A transidion freom guerpecrack B rowes-
condreeled cReep t peesscee sotenareiereted ceeeg oy erider or o wifTecenien end efaalige o shughe en g
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Figwre 13- Maved mode croep is evidens al benver emparctures, bal ix lesT of hegher temperatares,
Droeraally shooweing the desdifiones of B eiiid e Seihrian geckarisg of higher femperanee. Clie possihis
ceasan fne the Imver sergin rates ol heglrer temperadaces i the eetrogeacde wolalaiine af calede o warer,

In Figure 1. we show o crecp behavior in calvile uggregales that 15 comsistent with
the models for quartz and gypsum shown gbove Howewer, ai higher sieesses and kower
temperatuces. a mixed mode behavior is evident. Creep due 10 sub coibcal crack growth
(with of witheur healing)y s known 1o inerease with the loganthm wl Bme, aod we have
shown previously that crecp associated wilh a pressure solulien or sulution transfer
mechamsms also inercases with the loganthm of time (this 15 evident o the abrwve creep
laws 10 the ncgatrve cxponenlial depenidenee on straind. When preseated on a plog ot
in(stram ralc} vorsies strain, s logltime) dependence 15 @vident as & linear spread ot
data. Thas 15 shown in Figore 2, for the case when crack groswth s dooinant at low straons
and higher stresscs. A shift 1o dominant mechansm s evident aa "deg-lep™ m he dita,
with  pressurc selution dominaling  al lareer strains,  lower stresses and  higher
temperaturcs. Figure 3 shows that the “dog-leg™ 15 absenl as temperature incteases. The
diffcrent mechanims are dlso evident tn the grain siee dependeoce, and when both oporate
in parallel, the resulting creep behavior can Te rather confusing o deal with. We are in
the proccss of  deciving creep laws for 1his mised mode behavier. While shown for




calcile, such a mixed mode behavier 15 probably o cealistie miocel Tor o feldspar
deformation (Hajash et al., 1998) and so may be important Tor wet Faull creep iy granitic
howst roc ks,

Hold-5lide-Hold Expenmenis Lsing Gougre-Filled Sawecuts

A senics of long term (1 moenth o Lenger) lriaxsial bold-slide-hold experimcnts haye
becn conducted wsing calcile {rucgrm lemperaluee b, g3 psuim (foeom emperatare ), and quadrts
(150200 degrecs). Our most sugcessful experimems, ie. those showing the most
dramatic changes. have: been usiog wypsam goupe, as shown in the follewing figures.
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Figiwee 5: Simdlar in Figure 4, cecept m the sheesee of aqaeoas pere fhedd, Nore the lack of developeear of
ey chertee e atreegtl, e e aad ek of steess u'rap, whea compoared o Fegare 4.
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Figare 5 Euvolution of porssiy [maee rolame changel and permendiliny for Redd-giide el resd
adienawe Or Figure of.

Sienificart “healing™  of be pouge evident trom the loss of porosiy and
permicability and also in the increase of shear strength accompanies gouge cxposed o
relacively long times in 1he presence of water. This is due ta the operation of solution
transfer or pressure soluiion processes and (stwald ripening.

Effort are under way 10 characierize the evolved gouge in those experiments both in
terms of particle siee distributiom but also osing electron MIcroscopy.

Evolution of Gouge Paricle Stee Distalwicion

Additional expermental effort bas been directed toward the operution of Dewyll
ripening in the: evalaion af particle size distriboiion of gouges. Experiments have been
conduaclet using cauloite, gypaum, and gquarz gouge wunder zero effective pressure.
hydrostativ Joading al efective pesswee. aod under toaxial leading, Woe are still o the
mimle of characterizing the run products of these cxperiments Howewver we are alsoe
allermpling 1 el the evolution of goupe psd with nomerical reaclion lranspol
rmesleling. Below is an example of the change in quartz  gouge distnbution wath fime al
200y deprees O and under zero cffective pressure  venditions, The  mowlel  was
paramelerized froun experimental dacs,

Birc (cm) icne {seconds)
Figeee T Eveluifon of grifiesal qacerts gouge parkeete ooz disdrdietiver: due Feo £ Twald eipeteny,

This ripening invelves dissolution of the fimer ™ Lal™ of the fraciion, produced initially by
aran commination, ind sceompanying growlh of th coarser portions. As o resule, with
time the mean of the distribulion mosves o he oighn (e, coamsens) while the distiibution




Eets wiler, ancd Maner. This e evident i the increase of both the mean and standand
gleswiation of the particle siee distribution, s shown in Fipare ¥ helow.
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Fipure b Changes i mean groun soe cond tareleord deceadeon werh time for qpearts gosge (peodioced
Fy erwvheer oo bl eadlp or 200 degrees O o 20000 g pre s

Comtinuding Work

lo the spid of the above, we are continung with pew cxpenments that test Lhe
eifferences in behavior that eocur from gouge exposed 1o the same cxirinsie condilions
but with different size disteibutions. This will epable the cxtension of volumelne crocp
laws 1 inelude influences made by the shape of the panicle size distinbotion. and adso 1o
correlate differences in evolution of shear strength or gouge coherenoe and porosity and
permeahility w0 the evelution of an il pouge particle sizc distobution,

Prblications
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